We present an easy and effective way to improve the mechanical properties of an epoxy matrix by reinforcing it with a combination of graphene oxide (GO) and reduced graphene oxide (RGO). These nanocomposites were prepared with different load of nanofillers: 0.1, 0.4, 0.7, 1.0 wt% and a neat epoxy. Ratios of graphene oxide and reduced graphene (GO : RGO) employed were: 0 : 1, 0.25 : 0.75, 0.5 : 0.5, 0.75 : 0.25, and 1 : 0. Results show that with only 0.4 wt% and a ratio 0.2 : 0.75 of GO : RGO, tensile strength and tensile toughness are 52% and 152% higher than neat epoxy while modulus of elasticity was improved ∼20%. The obtained results suggest that it is possible achieve advantageous properties by combining graphene in oxidized and reduced conditions as it shows a synergic effect by the presence of both nanofillers.
Introduction
Graphene is a single two-dimensional layer of carbon atoms bound in a hexagonal lattice structure. This material has been extensively studied since it was first isolated in 2004 [1] . In recent years, several works have been published on the topic of graphene, discussing its extraordinary mechanical, electronic, and thermal properties [2] [3] [4] [5] . Cooper et al. [6] presented an extensive review of the most important experimental work on novel applications of graphene, and a section was dedicated to discuss its amazing mechanical properties. In other works, graphene has been mixed with carbon nanotubes in order to enhance the performance of the reinforced matrix. Song et al. [7] found multiple synergies in a polypropylene matrix using reduced graphene oxide and carbon nanotubes polymer latex coated. Chatterjee et al. [8] studied the reinforcement of an epoxy matrix with the addition of various mixture ratios of carbon nanotubes with graphene nanoplatelets and founding synergistic effects especially for the flexural modulus. However, it is possible to achieve synergy effects employing the same nanomaterial with different surface polarity, as this research proposes, in this case, graphene oxide and reduced graphene oxide. Young et al. [9] published a review concerning graphene and graphene oxide nanocomposites evaluating these materials' properties. They comment that graphene oxide has some advantages over graphene, such as facility to obtain it in large quantities, presence of functional groups for bonding with a polymer matrix, easy to exfoliate and disperse it, in water or a polar solvent, and hence, can be readily mixed with water-soluble polymers [10] . Graphene oxide increases the mechanical properties of nanocomposites. Bortz et al. [11] found for an epoxy resin that the fracture energy G IC was more than doubled and the fatigue resistance increased International Journal of Polymer Science by several orders of magnitude. But some authors have encountered that functional groups over similar nanofillers alter the stoichiometric ratio [12] . On the other hand, reduced graphene has less defects on its structure [13] and does not form chemical bonds with the matrix, but, due to its hydrophobic character, it is more compatible with some polymers such as the epoxy resin, as it is observed in this study. Then, in this work it is proposed to use different graphene oxide and reduced graphene mixtures as reinforcement to enhance compatibility with an epoxy matrix keeping enough oxygen groups to bind to the polymer. 
Materials and Methods

Graphene Oxide and Reduced Graphene Preparation. The
Hummers method was employed to prepare graphite oxide. 2 g of graphite powder and 46 mL of H 2 SO 4 were introduced into a ball flask while maintaining temperature of 0 ∘ C, and 6 g of KMnO 4 were added slowly. This oxidation process was carried out for 2 hours at 35 ∘ C (±2 ∘ ), under magnetic stirring. After this time, 10 mL of 30% H 2 O 2 and excess water were added. The resulting mixture was filtered and washed until a neutral pH was achieved. This product was dried at 65 ∘ C for 12 hours to obtain graphite oxide. Next, 100 mg of dried graphite oxide was dispersed in 10 mL of water and this solution was sonicated for 3 hours in an ultrasound bath at a frequency of 50-60 Hz, and then graphene oxide was obtained. A portion of graphene oxide was dried to be employed as a reinforcement powder. The another portion of the sonicated solution was heated to 95 ∘ C and added ascorbic acid (2 mM) reacting for 15 minutes [14] . Finally, reduced graphene was washed and dried at 65 ∘ C for 12 hours.
Preparation of Epoxy Nanocomposites.
Nanocomposites were prepared at different load of nanofillers: 0.1, 0.4, 0.7, and 1.0 wt% and each load was mixed in different ratios of graphene oxide and reduced graphene (GO: RGO): 0 : 1, 0.25 : 0.75, 0.5 : 0.5, 0.75 : 0.25, and 1 : 0. Nanofillers were added to DGEBA then sonicated during 1 hour to improve the dispersion. Then, ethylenediamine was incorporated to empty this mix in Teflon mould with dimensions according to norm ASTM D6338 for determining mechanical properties. These samples were cured at 50 ∘ C for 1 hour. In addition, a neat epoxy was prepared for comparison purpose.
Characterization of Graphene Oxide and Reduced
Graphene. Infrared (IR) spectroscopy, transmission electron microscopy (TEM), and energy-dispersive X-ray spectroscopy (EDS) were used as characterization techniques for both nanomaterials. Infrared spectra were obtained on transmittance mode by a FT-IR Spectrum 100 PerkinElmer spectrometer. TEM micrographs were obtained through a JEOL TEM-1010 microscope operating at 80 kV. EDS was adapted in equipment JEOL JSM-6060 LV scanning electron microscopy. In addition, dispersion tests were performed adding 2 mg of GO and RGO in 10 mL of water, DGEBA, and hexane. They were sonicated during 10 minutes and their dispersion was observed at different times.
Characterization of Nanocomposites.
Tensile tests were carried out using an AGS-J SHIMADZU universal tester at 15 mm/min. Dog-bone sample dimensions were according to norm ASTM D-638. Figure 1 shows infrared spectra of (a) crystalline graphite, (b) graphene oxide, and (c) reduced graphene. An inactive band for pure graphite can be observed; at ∼1500-1600 cm −1 in-plane stretching vibration of sp 2 -hybridized C=C is found [15] . New bands appear for graphene oxide such as a signal at 3162 cm −1 corresponding to OH groups. At 1710 cm −1 , the stretching vibration of C=O related to carboxyl groups is found, whereas at 1220 cm
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and 1050 cm −1 , the presence of epoxy and alkoxy groups is observed, respectively. These bands corroborate an oxidation process with different groups that can bond to the matrix polymer. After the reduction step using L-AA, most of the oxygen groups disappeared and the resulting spectrum tends to be like crystalline graphite spectrum, even though a few oxygen groups remain over the nanosheets. different sizes of both nanomaterials. Graphene oxide shows a wrinkled surface which provides stability and prevents collapse back to a graphitic structure [16] . Reduced graphene presents a similar morphology, like a thin extended film with wrinkled and rough surface. Both planar sheets offer more contact with the epoxy resin. Table 1 shows the elemental analysis for graphene oxide and reduced graphene pure samples; the results correspond to the mean value of weight % and atomic % of four zones of the samples explored for EDS. The results show that graphene oxide contains 27.61 wt% of oxygen while reduced graphene only 16.38 wt%, and then the ratio GO/RGO is 1.68. The amount of carbon and oxygen was analyzed in order to estimate the proportion of oxygen presents in each one of the samples. Figure 3 shows dispersion tests, of graphene oxide and reduced graphene oxide in water, DGEBA, and hexane. GO shows good dispersion in water (a) due to its polar oxygen functional groups that render it hydrophilic; however, it formed some precipitated after 24 h. GO is less soluble in DGEBA (c); this resin is a non-water-soluble polymer and then its dispersion diminished and precipitated after 24 h. GO in hexane (e) started to precipitate few seconds after being retired of ultrasonic bath due to its incompatibility with the medium. On the other hand, reduced graphene oxide dispersed in water (b) precipitated after 1 h. This nanomaterial became less hydrophilic as a result of oxygen removal. The increase in the hydrophobicity of the material caused less polar functionality on the surface of the nanosheets and increasing incompatibility with the aqueous medium [13, 17] . This is corroborated when RGO is dispersed in DGEBA (d),
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International Journal of Polymer Science forming stable dispersion during 24 h (the most black dispersion). The nanosheets formed a homogeneous dispersion due to the hydrophobic character of both components making them more compatible. Reduced graphene in hexane (f) stayed dispersed some minutes and after being precipitated, however, it presented a better dispersion than GO.
Tensile Tests.
The mechanical properties evaluated through tensile tests are shown in Figure 4 . Stress-strain curves were obtained for all nanocomposites prepared in this work. We can observe an important improvement on tensile strength, elongation at break, and tensile toughness as a result of reinforcing with both nanofillers and using the different combinations of graphene oxide and reduced graphene. It is observed that at 0.4 wt% we obtain the best performance of all nanocomposites. More details about tensile strength results are shown in Figure 5 . Neat epoxy exhibits a tensile strength value of 31 MPa, and almost all nanocomposites show a better performance. Nanocomposites reinforced with only graphene oxide or reduced graphene at all loads present not high increments, but when both nanomaterials are combined, up to 52% enhancement is reached. The ultimate tensile strength was obtained with the ratio 0.25 : 0.75 GO : RGO at 0.4 wt%. Figure 6 shows modulus of elasticity for all nanocomposites and pure epoxy. The major values are found at 0.4 wt% again and the combination 0.25 : 0.75 provides one of them, with ∼20% greater than the epoxy matrix. However, at least one combination shows similar results to those obtained with only graphene oxide or reduced graphene.
Another important parameter is the tensile toughness, which refers to the energy adsorbed by a material prior to fracturing. Figure 7 shows results of tensile toughness for all nanocomposites and neat epoxy. We found that with the ratio 0.25 : 0.75 GO : RGO nanocomposites present outstanding performance at almost all loads of nanofillers. At 0.1 wt%, performance is similar to using only reduced graphene (ratio 0 : 1 GO : RGO). Nevertheless, superior values of nanocomposites were obtained at 0.4, 0.7, and 1.0 wt% and the ultimate tensile toughness was achieved at 0. The oxygen present in the mixture is susceptible to react and form interactions with the epoxy resin. The improved mechanical properties presented can be explained in terms of amount of functionalized groups and compatibility with the matrix. It has been reported that oxygen groups over oxidized carbon materials can react with curing agent and form chemical bonds, which results in more interaction between nanofiller and matrix [18, 19] . However, carboxylic groups found on the surface of GO can react with EDA leaving excess epoxy polymer without cross-linking [20] . Some authors [21] [22] [23] point out that the stoichiometric ratio of epoxy and amine groups is altered by the amount of oxygen groups, in this case over nanosheets. It is also known that graphene oxide has a hydrophilic character, which makes it less soluble in epoxy resin. On the other hand, reduced graphene recovers its hydrophobic character, making easier its dispersion in this matrix, but RGO does not have enough groups to bind chemically to the polymer. A lesser amount of oxygen groups present in the total reinforcement increases solubility, and yet there would be enough of them to bind to the matrix. This work has shown that a reduced amount of oxygen groups (0.1918 g) is enough to improve performance on nanocomposites. These results reveal that employing only graphene oxide or reduced graphene is less effective; therefore, we find that there are greater possibilities to exploit the outstanding properties of graphene.
Conclusions
In this work, we found that the best performance in nanocomposites was obtained using nanofillers with characteristics between these two conditions of nanomaterials, oxidized and reduced. It was observed that with ratio 0.25 : 0.75 of GO : RGO the mechanical properties of nanocomposites were increased, and at 0.4 wt% and the same ratio, the ultimate performance was obtained. At this ratio (0.25 : 0.75 of GO : RGO), the quantity of oxygen necessary to form chemical bonds was 0.1918 g per gram of mixture and the contribution of reduced graphene was essential to increase the compatibility with the matrix suggesting a synergic effect. The mixing GO : RGO purpose is an easy, quick, and cheap way to obtain nanocomposites with superior properties, since no additional chemical process is necessary.
